M ycobacterium tuberculosis is one of the most successful human pathogens, because one third of the global population is latently infected with the bacteria (1, 2) . Most people infected with the pathogen control its growth by developing strong CD4 + Th1 responses, characterized by the production of IFN-g and TNF-a (1, 2) . A regulated chemokine milieu contributes to defining granuloma structures (3) (4) (5) (6) , where activated macrophages (MFs) producing inducible NO synthase (iNOS) contain the bacilli (1, 2). However, 10-25% of those infected develop active, contagious disease (1) . Epidemiological data indicate that the risk of developing active tuberculosis correlates with malnutrition, diabetes, and immunosuppression (7) . Moderate and severe malnutrition correlates with both tuberculosis severity and poor prognosis (7) . The molecular mechanisms integrating metabolic pathways and susceptibility are not fully understood.
Recent studies suggest that Th1 responses are especially sensitive to starvation by a mechanism involving leptin, a 16.5-kDa protein produced by adipocytes in proportion to adipose mass (8, 9) . Chronic starvation decreases blood levels of leptin, a pleiotropic hormone that regulates energy expenditure in multiple tissues, including immune system cells (8, 9) . Leptin can act as a Th1-polarizing cytokine with similarities to the IL-6 long-chain helical cytokine family, and the leptin receptor is homologous to the gp130 subunit of the IL-6 receptor (8) . Some of the immune effects of leptin deficiency include increased susceptibility to infections, weakened granulomatous responses, and deregulated cytokine production (10) (11) (12) (13) .
Leptin-deficient ob/ob mice and leptin receptor-deficient db/db mice have similar phenotypes, indicating that mutations to the signaling domain of the receptor impair most functions (8, 9, 14) . The ob/ob and db/db mice accumulate body mass but also have defects in energy expenditure, insulin resistance, abnormalities in reproductive function, hormone levels, wound repair, bone structure, vascular remodeling, and immune responses (8, 9, 15) . These defects correlate with the broad distribution of the leptin receptor and suggest that leptin may regulate energy expenditure in many cell types, including immune cells (9, (15) (16) (17) (18) (19) .
Although ob/ob mice have limited IFN-g production in response to M. tuberculosis (11) , published studies have not been able to pinpoint which cells account for leptin sensing during infection or which mechanisms lead to susceptibility. In this study, we identify that db/db mice have deregulated recruitment of several immune cells to the lung as well as defects in APCs. Unexpectedly, we find that leptin signaling exerts most of its immune-modulating effects indirectly. Despite the abundance of data demonstrating that leptin causes alterations to immune cells in vitro (9, (15) (16) (17) (18) , we demonstrate that direct leptin sensing in immune cells is dispensable in vivo. The results indicate that leptin signaling outside of the bone marrow (BM) is critical for immune resistance to M. tuberculosis. + mice) receiving two consecutive doses of 450 rads on a RS200 irradiator. BM chimeras were treated with 15 mg/ml itraconazole, 0.2 mg/ml trimethoprim, and 40 mg/ml sulfamethoxazole for 3 wk after irradiation and infected after 8 wk of immune reconstitution. Results represent of two independent irradiation and reconstitution experiments.
Materials and Methods

Mice, BM chimeras, and adoptive transfers
Bacterial strains
M. tuberculosis strain Erdman was grown at 37˚C in Middlebrook 7H9 (Difco) supplemented with 0.05% Tween 80 (Sigma-Aldrich), 0.2% glycerol, 0.5% BSA, 0.2% dextrose, and 0.085% NaCl (all from Fisher). Early log-phase M. tuberculosis (OD at 600 nm ,0.5) was used for aerosol infection (20) . Bacterial burdens in lungs at 0, 2, 3, 4, 8, 16, and 20 wk postinfection were determined by plating serially diluted left lung homogenates on 7H10 agar and counting CFUs after incubation at 37˚C for 3-4 wk. CFUs are expressed as means 6 SDs (n = 3-4 per genotype), compared using the Student t test, and represent at least two independent infections.
Microscopy
Right lungs of infected mice were harvested and fixed in formalin. Fixed samples were embedded, sectioned, and stained at the Laboratory of Comparative Pathology at Memorial Sloan-Kettering Cancer Center. Slides were examined in a Zeiss bright-field microscope with a Spot Insight QE color digital camera with 310 (H&E) or 3100 (Ziehl-Neelsen stain for acid-fast bacilli) objective. At least four sections per lung were examined using ImageJ. The percentage of lung area with infiltration was calculated by measuring the granulomatous area and dividing it by the total lung area examined. The lymphocytic infiltration into the granulomas was calculated by measuring the areas of lymphocyte aggregates and dividing them by the total granulomatous area examined. Results are expressed as means 6 SDs (n = 4-6 mice per genotype), compared using the Student t test, and represent two independent infections.
Flow cytometry
Right lungs were harvested at 0, 2, 3, 4, 8, 12, and 16 wk postinfection and digested in dissociation media (21) . Single-cell suspensions were counted in a hemocytometer and stained for surface flow cytometry (21) . Fixed samples were collected on a FACSort flow cytometer (BD Biosciences) using CellQuest software and analyzed using FlowJo. For the quantification of specific cell types within M. tuberculosis-infected mice, results are expressed as means 6 SEs (n = 3-5 per genotype), compared using the Student t test, and represent at least two independent infections.
Lung cells isolated from week 3 or 4 infected mice (n = 3 per genotype) were compared using intracellular cytokine staining in two independent infections. Lung cells were incubated for 5 h at 37˚C in the presence of 5 ng/ml ESAT6 peptide (a kind gift from Dr. Eric Pamer) and GolgiStop (BD Biosciences). Intracellular cytokine staining was performed as described previously (21) .
Quantitative RT-PCR
For quantitative RT-PCR (qRT-PCR) analyses, at 0, 2, 3, 4, 8, 12, and 16 wk postinfection, the right lobes of the lungs were harvested and immediately homogenized in TRI Reagent (Applied Biosciences). Total RNA was purified using RiboPure (Applied Biosciences) and converted to cDNA using the TaqMan RNA-to-CT 2-Step Kit (Applied Biosciences). TaqMan gene expression assays for IFN-g, IL-10, iNOS, CXCL1, CXCL2, G-CSF, XCL1, CCL1, CCL2, CXCL13, and b-actin were carried out in a AB 7900HT according to the manufacturer's instructions. All mRNA quantification was normalized using b-actin and expressed relative to that of uninfected WT mice using the ΔΔ cycle threshold method. Results are expressed as means 6 SEs (n = 4-7 mice per genotype), compared using the Student t test, and represent two independent infections. Preparation, stimulation, and infection of BM MFs BM-derived MFs were generated by culturing BM cells from C57/BL6 and db/db mice in 30% L-cell supernatant for 8 d. Before infection, adherent cells were treated with medium (control) or 100 U/ml IFN-g for 24 h. MF infections were carried out as described previously (20) at a multiplicity of infection of 2:1 Briefly, after exposure to M. tuberculosis for 4 h, infected cells were washed to remove non-cell-associated bacteria and incubated for 0, 1, 4, and 7 d at 37˚C. Infected cells were lysed with 1% Triton X-100, and intracellular bacteria were enumerated by counting plates. Infection results are expressed as means 6 SEs (n = 3 replicates), compared using the Student t test, and represent two independent experiments each with two different BM samples per genotype.
Measurement of NO production by stimulated MFs
To assay for NO, MFs were cultured in RPMI 1640 without phenol red (Life Technologies) and treated for 24 h with medium alone, 100 U/ml IFN-g, 0.1 mg/ml LPS (Sigma-Aldrich), and/or 1 mg/ml cell-free M. tuberculosis lysate generated as described previously (20) . Nitrate was quantified with a Griess Reagent Kit (Invitrogen). Results are expressed as means 6 SEs (n = 3 replicates per condition), compared using the Student t test, and represent two independent BM differentiation experiments.
Results
Susceptibility of db/db mice to MTb and disorganized granuloma formation
To examine the immune cells affected by leptin signaling, we first investigated whether db/db mice were susceptible to M. tuberculosis. We found that db/db mice exhibited similar susceptibility to that of ob/ob mice (11), with impaired control during the chronic phase of infection ( Fig. 1A ) and increased mortality (Fig. 1B) . The B6.Cg genetic background of the db/db mutation was not responsible for increased susceptibility, because db/+ and +/+ littermates were resistant to infection (data not shown). In contrast to other lung infections in leptin-deficient mice showing female-only susceptibility (10), no differences were observed between male and female db/db mice infected with M. tuberculosis (data not shown). These results confirm prior findings in ob/ob mice (11) and indicate that the protective role of leptin in murine tuberculosis requires receptor signaling in both sexes.
Next, we characterized the immune response against M. tuberculosis in db/db mice. Lung histology indicated that by week 4 postinfection immune cells in db/db mice had slightly larger granulomas with distinct cell compositions ( Fig. 1C-F) . In db/db lungs, lymphocytes did not organize in aggregates and were dispersed among foamy MFs and neutrophils (Fig. 1C, 1D ). From week 8 onward, granulomatous regions of db/db lungs included apoptotic and necrotic cells, which were not observed in the more compact WT granulomas (Fig. 1E, 1F) .
We attempted to correlate these granuloma defects with changes in the chemotactic network responsible for establishing these structures. Expression of the chemokine CCL2 is required for early resistance to M. tuberculosis infection and recruitment of monocytes, dendritic cells (DCs), NKT cells, and activated T cells to the acutely infected lung (5) . Additionally, the chemokine XCL1 contributes to granuloma organization and bacterial control in chronically infected mice (3). We found that expression of XCL1 ( Fig. 1G ) and CCL2 ( Fig. 1H ) mRNAs was impaired transiently in the lungs of infected db/db mice, as compared with that in WT mice. These results suggest that early impairment of chemotactic signaling might be responsible for defective granuloma formation in db/db mice.
Impaired B cell recruitment to the lungs of infected db/db mice
We hypothesized that defective leptin signaling might alter the recruitment and function of multiple immune cell types responding to M. tuberculosis. Consistent with this idea, we found that B cell
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by Joao Viola on September 18, 2012 http://jimmunol.org/ accumulation in infected db/db lungs was impaired at week 4 postinfection ( Fig. 2A) . We monitored chemokine CXCL13 mRNA because it directs B cell migration and contributes to granuloma organization (4, 6) . Compared with WT mice, db/db mice showed delayed and reduced pulmonary CXCL13 expression after M. tuberculosis infection (Fig. 2B ) that correlated with a paucity of B cells at weeks 3 and 4 ( Fig. 2A , data not shown). B cell counts and CXCL13 mRNA normalized at week 8 ( Fig. 2B , data not shown), although defective bacterial control continued (Fig. 1A ) until week 20.
Delayed neutrophil recruitment to the lungs of infected db/db mice
We also quantified myeloid cells in the lungs of infected mice using flow cytometry. After an initial delay in granulocyte recruitment in db/db mice at week 3 postinfection, we observed an increase in CD11c neg CD11b high cells (Fig. 3A) corresponding to CD115 2 Ly-6G + neutrophils (data not shown). To understand this deregulated response, we monitored mRNA expression of the neutrophil chemoattractants G-CSF, CXCL1, and CXCL2 in mice infected with M. tuberculosis. During the first 3 weeks postinfection, CXCL1 levels were reduced in db/db mice as compared with those in WT mice (Fig. 3B ). This initial delay in CXCL1 expression might account for delayed kinetics of neutrophil recruitment in db/db mice, as shown previously in mice infected with Listeria (13). In contrast, CXCL2 (Fig. 3C ) and G-CSF (data not shown) mRNAs were expressed at comparable levels in both mouse strains during the early stages of infection. From week 4 postinfection onward, however, a sustained increase in CXCL2 mRNA (Fig. 3C ) correlated with persistent neutrophilia (Fig. 3A-C) in the lungs of db/db mice.
Delayed iNOS expression by myeloid cells in the lungs of infected db/db mice
In contrast to neutrophils, MFs (CD11b int CD11c int ) and DCs (CD11c high ) accumulated normally in the lungs of infected db/db mice (Fig. 4A, 4B ). However, as compared with WT cells, infected phagocytes from db/db mice were enlarged, had foamy vesicles, and contained larger numbers of bacteria (Fig. 4C ). These observations suggest that the effector functions responsible for bacterial control within myeloid cells might be impaired in db/db mice (9, 15, 16, 18) . Therefore, we measured the expression of iNOS mRNA in the lungs of M. tuberculosis-infected mice (Fig. 4D) . The db/db mice demonstrated a delay in iNOS expression at week 2 postinfection. By week 4, iNOS levels in db/db mice had normalized and remained slightly elevated thereafter. We conclude that myeloid cells from db/db mice experienced a delay in iNOS mRNA expression in vivo (Fig. 4D) , even though recruitment of myeloid cells to the lungs was normal (Fig. 4A, 4B) .
The leptin receptor is expressed in monocytes, DCs, and MFs (8, 9, 16, 18) and thus could influence the response to M. tuberculosis directly in these cell types. Therefore, we studied the role of the leptin receptor in BM MFs. First, we assessed the ability of db/db BM MFs to respond to exogenous IFN-g by upregulating MHC II expression. We found no defects in Stat-1 signaling or MHC II expression in response to IFN-g, suggesting that db/db MFs had intact IFN-g signaling abilities, at least when cultured ex vivo (data not shown).
Next, we assessed the ability of db/db BM MFs to control bacterial replication and to produce TNF-a and NO, the major effectors of resistance to M. tuberculosis (1, 2). When unstimulated and IFN-g-activated BM MFs from WT and db/db mice were exposed to LPS or M. tuberculosis lysates, the two genotypes produced equivalent levels of TNF-a and NO under all of the conditions tested (Fig. 4E, data not shown) . When these BM MFs were infected ex vivo with M. tuberculosis, the bacteria replicated comparably in the cells from WT and db/db mice (Fig. 4F) . We conclude that the iNOS and bacterial control defects observed in vivo (Fig. 4C, 4D) could not be replicated in BM MFs (Fig. 4E,  4F ).
Delayed IFN-g production by CD4
+ Th1 cells in the lungs of infected db/db mice The delay in IFN-g-dependent iNOS expression in the lungs of infected db/db mice prompted us to examine the CD4 + T cell response. We first quantified the numbers of activated CD69 + CD4
+ T cells in infected lungs (Fig. 5A ). No differences were identified between WT and db/db mice, suggesting that normal T cell activation and recruitment of effector cells can take place in the absence of leptin receptor signaling. Despite db/db mice being lymphopenic (22) , the numbers of activated cells infiltrating the infected lungs of WT and db/db mice were indistinguishable.
We also studied Th1 differentiation of effector cells by intracellular cytokine staining in response to M. tuberculosis ESAT6 peptide (Fig. 5B) . We consistently detected ESAT6-specific responses in both genotypes (WT and db/db) by week 3 postinfection, correlating with the normal arrival of anti-mycobacterial T cells to the lungs (23) . At all of the time points after week 3, the M. tuberculosis-specific responses in db/db mice were either comparable to or higher than those of WT mice in terms of TNF-a and IFN-g production (Fig. 3B, data not shown) . In contrast to proposed Th1 differentiation defects in vitro or during autoimmune processes (11, 12, 17, 24) , M. tuberculosis-specific Th1 effectors developed normally in db/db mice.
However, we found that IFN-g mRNA expression was delayed at weeks 2 and 3 postinfection in db/db lungs as compared with that in WT lungs (Fig. 5C) . By week 4 postinfection, IFN-g levels were similar in WT and db/db mice. At later time points, IFN-g mRNA was actually higher in db/db mice, which might be due to their increased bacterial load (Fig. 1A) . These findings are also consistent with the early defects in effector functions caused by XCL1 and CCL2 deficiency (3, 5) yet suggest that recruitment of monocytes, DCs, and activated T cells to the lung can be compensated (Figs. 4A, 4B, 5A) .
We considered the possibility that delayed T cell effector function in db/db mice might be mediated by local IL-10 production or regulatory cells infiltrating the site of infection (25) . However, we did not detect any differences in bulk CD25 + Foxp3 + T cells or CCL1 mRNA induction in infected lungs of WT and db/ db mice (data not shown). Likewise, IL-10 mRNA expression followed similar kinetics in the lungs of infected WT and db/db mice and, if anything, was decreased slightly at week 2 in db/db mice (Fig. 3D) . We conclude that these immunosuppressive mechanisms do not account for the defect in early IFN-g expression in the lungs of infected db/db mice.
Protection of TCR-a 2/2 mice by adoptively transferred db/db
CD4 + Th1 cells
To determine whether the delayed IFN-g response in infected db/ db mice was caused by an intrinsic defect of T cells in leptin sensing, we carried out adoptive transfer experiments. As hosts, we used TCR-a 2/2 mice, whose susceptibility to M. tuberculosis can be complemented by adoptive T cell transfers (26, 27) . Using purified T cells isolated from WT or db/db mice, we tested whether T cell defects in leptin signaling could account for impaired control of M. tuberculosis. These experiments also controlled for db/db mice lymphopenia (22) , because mature T cells were transferred into TCR-a 2/2 mice in equivalent numbers to those in WT mice. At week 4 after adoptive transfer, T cell repopulation in the spleens of recipient TCR-a 2/2 mice was comparable among mice receiving equivalent numbers of db/db or WT T cells (data not shown), indicating that db/db T cells do not have intrinsic defects in homeostatic proliferation or homing to lymphoid organs. Indeed, WT and db/db T cells provided apparently equivalent immune protection against M. tuberculosis as reflected by the kinetics of bacterial replication and persistence up to week 8 postinfection (Fig. 5E) . T cell accumulation and cytokine production in the lungs of db/db-reconstituted TCR-a 2/2 mice were also normal (data not shown), suggesting that the functional defect observed in db/db mice is not intrinsic to T cells. We conclude that T cell-specific leptin receptors are not necessary to mediate bacterial control in vivo.
Reduced MHC expression by APCs in db/db mice
We hypothesized that defects in APC-T cell interactions might be responsible for delayed IFN-g responses in db/db mice. Leptin deficiency has been shown to cause impairments in APC compartments (18), so we measured the expression of MHCs in the lungs during infection by flow cytometry. Pulmonary B cells, DCs, and MFs from db/db mice showed dramatically reduced MHC I and II expression, suggesting a generalized impairment in Ag presentation to T cells at the site of infection (Fig. 6 ). These findings suggest that db/db mice might be impaired in Ag presentation by MHC I and II. Combined with the altered chemoattractant milieu, reduced Ag presentation potentially could impair early IFN-g secretion (Fig. 5C ) and iNOS expression (Fig.  4F ). This defect in MHC expression did not appear to be caused by the bacteria directly, because infected cells (only fraction of DCs and MFs) and uninfected cells (B cells and remaining myeloid cells) were impaired globally. The MHC defect (Fig. 6 ) appeared not to be a consequence of increased bacterial load in db/ db mice, because the difference in MHC levels was seen as early as week 2, at which time db/db and WT mice had comparable CFUs (Fig. 1A) . We conclude that the chemokine and Ag presentation defects predated the emergence of effector functions and could potentially delay bacterial control in the lung.
BM-derived cells do not account for susceptibility of db/db mice to MTb
We tested whether the db/db immune defects occurred directly through leptin's action on BM-derived cells. To address this question, we generated mixed matched BM chimeras, where lethally irradiated WT and db/db mice were reconstituted with BM cells from WT or db/db mice (Fig. 7A) . This approach generated animals where leptin's effects on BM-derived elements could be distinguished from leptin's effects on the peripheral tissues and the brain. Because we had demonstrated that intrinsic T cell signaling of leptin had no effect on bacterial control (Fig. 5E ), this approach allowed us to test the requirements for the leptin receptor in non-T cells.
Using the congenic markers CD45.1 and CD45.2 to distinguish host and donor BM, we measured the reconstitution of the lymphoid compartments reaching the lungs by flow cytometry. Eight weeks after adoptive transfer, donor BM populated at least 70% of MFs, DCs, neutrophils, and T cells in the lungs of the chimeras before infection (data not shown). By week 2 postinfection, the proportion of donor cells had increased to 85-95% in the lungs (Fig. 7B) , indicating that infection facilitated turnover of preexisting host cells. These findings demonstrated that db/db BM cells could repopulate the compartments of WT mice. They also demonstrated that WT BM could restore the immune system of db/db mice, despite the reported thymic defects in these animals (22, 28) . Because the metabolic defects of db/db mice are linked to hypothalamic signals (14) , db/db hosts remained overweight and hyperglycemic after irradiation and BM transplantation (29) .
Next, we compared the susceptibility to M. tuberculosis among different chimera groups. WT BM into WT hosts and db/db BM into db/db hosts responded to aerosol infection in the same manner as WT and db/db mice. respectively (Figs. 1-7) . WT BM into WT mice controlled the infection with normal kinetics (Fig.  7C) , had equivalent CD4 + CD69 + T cells (Fig. 7D ) and a minimal increase in neutrophils (Fig. 7E) , and activated MFs expressing high levels of MHC II (Fig. 7F) at the site of infection. In contrast, db/db BM into db/db hosts had increased bacterial loads (Fig. 7C) , neutrophilia (Fig. 7E) , and reduced expression of MHC II in MFs (Fig. 7F) , even though CD4 T cell responses were normal (Fig.  7D, data not shown) . Interestingly, all of the BM chimera groups had DCs expressing high levels of MHC II before and during infection (Fig. 7F, data not shown) . Contrary to the findings in MFs (Fig. 7F) , leptin-mediated effects on MHC II levels within lung DCs in the chimeras did not correlate with susceptibility (Fig.  7A) .
Unexpectedly, db/db BM into WT hosts was capable of controlling the infection with apparently normal kinetics (Fig. 7C) , indicating that expression of the leptin receptor in BM-derived cells is not essential for resistance to M. tuberculosis. These results indicated that db/db neutrophils (Fig. 7E) and db/db MFs (Fig. 7F) were capable of functioning normally in a WT environment. We conclude that intrinsic leptin-mediated signaling defects described previously in T cells (17) , DCs (18) , and MFs (16) can be compensated in vivo and do not account for the susceptibility of db/db mice to M. tuberculosis infection.
We used WT BM into db/db hosts to determine whether the susceptibility of db/db mice to M. tuberculosis was due to their pulmonary chemoattractant defects (Figs. 1-3 ) or metabolic deficiencies (14) . The chimeras behaved indistinguishably from db/db BM into db/db hosts in terms of their susceptibility to M. tuberculosis (Fig. 7C) , neutrophil accumulation in the lungs (Fig.  7E) , and impaired expression of MHC II in MFs (Fig. 7F) . These results indicated that leptin signaling deficiencies outside of the immune system drive susceptibility in this mouse model.
Discussion
The db/db mice provide a model of metabolically induced susceptibility to M. tuberculosis with features that are reminiscent of human disease; they present normal Th1 cell differentiation yet extensively infected MFs and tissue necrosis. Similar to models of protein-restricted malnourishment (30) and diabetes (31) , db/db mice showed delayed pulmonary expression of IFN-g, CCL2, and iNOS as well as impaired granuloma formation. The early delay in CXCL1 expression also resembles the defect of Listeria-infected db/db mice, which could be rescued by insulin (13) . All of these immune delays correlate with the peak time points of leptin release during M. tuberculosis infection (11) and suggest that control of M. tuberculosis infection is regulated by metabolic signals before the adaptive T cell response has reached the lung (23). Surprisingly, our work suggests that local leptin-sensing pathways control susceptibility to M. tuberculosis from outside of the BM compartment. In the periphery, the signaling form of the leptin receptor is present in the hypothalamus, lung, liver, kidney, genital tissue, adipocytes, muscle, and vascular endothelium (9, 15) . Metabolic control is largely dependent on hypothalamic signaling, which determines blood glucose levels, insulin resistance, production of sex hormones, and obesity (14) . A negative feedback loop that controls leptin secretion may depend on adipocyte signaling (32) , but the role of leptin receptors in other peripheral tissues is not well understood. In response to irritants, leptin may signal in bronchial epithelial cells, pneumocytes, and bronchial/vascular smooth muscle cells (19) , but it is not understood how this metabolic chemokine secretion works in response to M. tuberculosis.
It is possible that direct leptin sensing in the lung parenchyma shapes the appropriate inflammatory environment for disease resistance or susceptibility. In addition to MFs, the lung epithelium and vascular endothelium can produce CCL2, CXCL1, and CXCL2 (19, 33, 34) . CXCL13 is secreted primarily by follicular DCs, which are not BM-derived, and contributes to the organization of pulmonary granulomas (6) . Even when proper T cell responses can develop in the lymph nodes, pulmonary epithelium or endothelium could modulate the local milieu toward disease resistance or susceptibility.
It is also possible that the link between leptin and immune regulation is mediated by the hypothalamic axis, where leptin exerts most of its other effects. The hypothalamus could coordinate immune functions through secondary messengers such as corticotropin-releasing factor, IL-1, glucose, insulin, dopamine, or norepinephrine (13, 35-39) . In fact, severing of splenic nerves in rats prevents central leptin from exerting regulatory functions on T cells, suggesting that the sympathetic nervous system may transmit signals that modulate the immune response (40) . Additionally, a recent report suggests that corticotropin-releasing factor may directly regulate recruitment of neutrophils and B cells to the lung as well as myeloid MHC II expression during bacterial pneumonia (41) . Our results suggest that these BM-extrinsic pathways of immune regulation are more important in resistance to pulmonary M. tuberculosis than the direct effects of leptin on immune cells.
Previous work suggested that leptin could intrinsically regulate T cell functions (17) . Surprisingly, we found that leptin receptor signaling in T cells is dispensable for the control of M. tuberculosis. One possible explanation for this apparent discrepancy is that the concentrations of leptin used in the in vitro studies are higher than those that are bioavailable in mice. In our studies, the absence of leptin signaling is indirect and could impair XCL1-mediated T cell localization within the granuloma as well as presentation and effector functions in MFs and B cells.
Our studies revealed that MHC upregulation in APCs is impaired in a db/db environment. MHC expression is regulated at transcriptional and posttranscriptional levels, and leptin-induced second messengers may indirectly modulate the sensitivity to TLR signals and cytokines, which define MHC expression during M. tuberculosis infection. For example, norepinephrine can impair IFN-g-mediated upregulation of MHC II (42), whereas IL-1 drives MHC I expression and increases MHC II upregulation in APCs in response to IFN-g (43, 44) .
In addition to APC-driven effects, delayed production of IFN-g in db/db hosts also could reflect a defect in NK 1.1 + cells, which produce XCL1 and IFN-g as an early response to M. tuberculosis WT BM into WT host versus WT BM into db/db host, p = 0.004; and 2) WT BM into WT host versus db/db BM into db/db host, p = 0.02. *p , 0.05 for pairwise comparisons of 1) WT BM into WT host versus WT BM into db/db host; and 2) db/db BM into WT host versus db/db BM into db/db host. Each asterisk represents a comparison at an individual time point. When close together, they represent statistical difference at weeks that are close together. (45) . Previous studies demonstrated an increase in NK cell numbers in response to treatment with leptin in rats (46) or norepinephrine in ob/ob mice (37). Thus, it is possible that NK cells contribute to the MHC and chemokine defects that we observed in M. tuberculosis-infected db/db mice.
However, neutrophilia is considered a compensatory immune response to M. tuberculosis in mice lacking B cells (34, 47) , , or CCL2 (33) . In our studies, the db/db periphery was required for increased neutrophil accumulation in the lungs of infected mice, which was accompanied by chronic CXCL2 expression. Interestingly, this scenario is different from acute smokedriven inflammation in db/db lungs (19) , where immune recruitment and CXCL1 expression are increased rather than delayed. These differences suggest that the role of leptin in the pulmonary immune response depends on the triggering stimuli.
In summary, our results challenge the concept that intrinsic immune cell defects in ob/ob mice (11, 12, 24) and db/db mice (this study) play an important role in their susceptibility to M. tuberculosis. Instead, our observations suggest that leptinmediated effects on non-BM cells set the stage for proper immune development (28) and efficient immune control. Leptin receptor-mediated susceptibility to M. tuberculosis correlates with lung chemokine deregulation, increased pulmonary neutrophilia, and reduced expression of MHC II as well as early defects in IFN-g secretion and iNOS production. Future studies will focus on the mechanisms involved in leptin-mediated immune regulation of tuberculosis via non-BM-derived sources to understand better the contributions of metabolic disorders to the disease.
